In the awake big brown bat, 30 min auditory fear conditioning elicits conditioned heart rate decrease and long-term best frequency (BF) shifts of cortical auditory neurons toward the frequency of the conditioned tone; 15 min conditioning elicits subthreshold cortical BF shifts that can be augmented by acetylcholine. The fear conditioning causes stress and an increase in the cortical serotonin (5-HT) level. Serotonergic neurons in the raphe nuclei associated with stress and fear project to the cerebral cortex and cholinergic basal forebrain. Recently, it has been shown that 5-HT 2A receptors are mostly expressed on pyramidal neurons and their activation improves learning and memory. We applied 5-HT, an agonist (␣-methyl-5-HT), or an antagonist (ritanserin) of 5-HT 2A receptors to the primary auditory cortex and discovered the following drug effects: (1) 5-HT had no effect on the conditioned heart rate change, although it reduced the auditory responses; (2) 4 mM 5-HT augmented the subthreshold BF shifts, whereas 20 mM 5-HT did not; (3) 20 mM 5-HT reduced the long-term BF shifts and changed them into short-term; (4) ␣-methyl-5-HT increased the auditory responses and augmented the subthreshold BF shifts as well as the long-term BF shifts; (5) in contrast, ritanserin reduced the auditory responses and reversed the direction of the BF shifts. Our data indicate that the BF shift can be modulated by serotonergic neurons that augment or reduce the BF shift or even reverse the direction of the BF shift. Therefore, not only the cholinergic system, but also the serotonergic system, plays an important role in cortical plasticity according to behavioral demands.
Introduction
The frequency (cochleotopic) map in the primary auditory cortex (AI) can be modified by auditory experiences including learning and injury (Irvine and Rajan, 1996; Ohl and Scheich, 2005) . In the AI of the big brown bat, a long-term "centripetal" best frequency (BF) shift [i.e., the shift toward the frequency of a conditioned tonal stimulus (CS)] is elicited by 30 min auditory fear conditioning (Gao and Suga, 2000) . The CS activates the neural circuits of the AI and the corticofugal system to elicit a small short-term BF shift. In the meantime, the paired CS and unconditioned stimulus (US) indirectly increase cortical acetylcholine (ACh) release from the cholinergic basal forebrain and make the BF shift large and long term. This process is modulated by several neuromodulators (Suga and Ma, 2003) . The importance of ACh in the BF shift has been well demonstrated (Ji et al., 2001; Ji and Suga, 2003) . However, serotonergic modulation of BF shifts has not yet been studied.
The mammalian neocortex has an extensive serotonergic input from the raphe nuclei (Jacobs and Azmitia, 1992; Barnes and Sharp, 1999) . Exogenously applied 5-hydroxytryptamine (serotonin or 5-HT) excites GABAergic neurons or suppresses the responses to sensory stimuli of the inferior colliculus (Hurley et al., 2002) , lateral amygdala (Stutzmann and LeDoux, 1999) , and somatosensory cortex (Waterhouse et al., 1986) . Of the 14 subtypes (seven families) of 5-HT receptors (Barnes and Sharp, 1999) , cortical 5-HT 2A receptors are mostly located on the pyramidal neurons (Liang et al., 1998; Jakab and Goldman-Rakic, 2000) and mediate the depolarization of layer V pyramidal neurons (Araneda and Andrade, 1991; Zhou and Hablitz, 1999; Lambe et al., 2000; Marek et al., 2001) , whereas cortical 5-HT 3 receptors are exclusively located on the GABAergic neurons (Barnes et al., 1989; DeFelipe et al., 1991; Roerig and Katz, 1997; Puig et al., 2004) and mainly mediate 5-HT-induced inhibition. Importantly, 5-HT 2A receptors increase the release of cortical ACh (Quirion et al., 1985; Nair and Gudelsky, 2004) and glutamate (Aghajanian and Marek, 2000; Hasuo et al., 2002; Chen et al., 2003) , whereas 5-HT 3 receptors decrease ACh release in the cortex (Maura et al., 1992; Crespi et al., 1997; Giovannini et al., 1998) .
Serotonergic neurons play a role in reconfiguring neural circuitry in the sensory and motor systems and are associated with anxiety and defensive behaviors (Eison and Eison, 1994; Meneses, 1999) . Recently, it has been shown that 5-HT 2A receptors alone mediate fear and anxiety states (Castilho and Brandao, 2001; Weisstaub et al., 2006) and that activation of 5-HT 2A receptors improves learning and working memory (Williams et al., 2002; Harvey, 2003; Harvey et al., 2004; Romano et al., 2006) . Also, 5-HT is involved in the control of both cardiovascular and acute psychological stress reactivity (Davies et al., 2006) . We hy-pothesized that the conditioning-elicited cortical plasticity could be related to stress and be modulated by 5-HT. Thus, we investigated the effects of low and high doses of 5-HT as well as an agonist and antagonist of 5-HT 2A receptors on the cortical BF shifts elicited by auditory fear conditioning. We found that cortical BF shifts were augmented, reduced, or even reversed in the shifting direction by activation of 5-HT receptors.
Materials and Methods
Experimental subject. Forty-eight adult big brown bats (Eptesicus fuscus) were used for the experiments. All experimental procedures were approved by the Institutional Animal Care and Use Committee of Washington University in St. Louis and were the same as those previously described (Gao and Suga, 2000; Ji et al., 2001) .
Surgical and recording procedures. Under neuroleptanalgesia (Innovar, 4.08 mg/kg of body weight; 0.4 ml fentanyl citrate in 20 mg/ml droperidol), a 1.5-cm-long metal post was glued to the dorsal surface of the bat's skull. Experiments began 3-4 d after the surgery. An awake bat was placed in a polyethylene-foam body mold suspended at the center of a soundproof room maintained at 31°C. The bat's head was immobilized by fixing the metal post glued on the skull onto a metal rod with set screws to ensure a uniform and stable position of the head, which directly faced a loudspeaker located 74 cm away. For single-unit recording, a tungsten-wire microelectrode with a tip diameter of ϳ7 m was inserted orthogonally into the AI at a depth between 200 and 700 m. Local anesthetic (5% Lidocaine; E. Fougera, Melville, NY) and antibiotic (0.2% Nitrofurazone; RXV Products, Westlake, TX) ointments were applied to the surgical wound. The recording session lasted 5-7 h. Water was provided with a dropper, and local anesthesia with lidocaine was refreshed every 2 h. The bat was neither anesthetized nor tranquilized during the experiments. If the bat continued to show signs of discomfort, recordings were terminated and the bat was returned to its cage.
Acoustic stimulation. Acoustic stimuli were 20 ms tone bursts with a 0.5 ms rise-decay time delivered to the bat at a rate of four per second from a leaf tweeter with Real-Time processors version 2.1 (Tucker-Davis Technologies, Alachua, FL). Their frequencies and amplitudes were manually varied or computer controlled to measure the BF and the minimum threshold (MT) of a given neuron. The computer-controlled frequency scan consisted of 21 250 ms time blocks. The frequency of tone bursts was randomly varied by the stimulus control and recording software (Brainware version 8.0) and was delivered every 250 ms in 0.5 or 1.0 kHz steps. The amplitude of the tone bursts delivered from a leaf tweeter was calibrated with a microphone (Brüel & Kjaer Instruments, Naerum, Denmark) . It was flat within Ϯ5 dB from 10.0 to 70.0 kHz. The amplitude of the tone burst was set at 10 dB above the MT of the neuron to obtain its frequency-response curve and to easily detect a BF shift. The sound pressure level was expressed in decibels sound pressure level (dB SPL) referred to 20 Pa. An identical frequency scan was repeated 50 times.
Auditory fear conditioning. To evoke the BF shift of a cortical neuron, the bat was exposed to the auditory fear conditioning over 15 or 30 min. The CS was a train of tone bursts which were 50 dB SPL, 10 ms long, 33 per second over 1.0 s, and 5.0 kHz lower than the BF of a given neuron. The US was a 50 ms long, 0.10 -0.40 mA monophasic electric pulse applied to the bat's leg with a 1.0 s delay from the CS. The CS-US pair was delivered every 30 s, so that the CS-US pair was delivered 30 or 60 times in the 15 or 30 min conditioning, respectively. The intensity of electric foot shock was just above the threshold for eliciting a just noticeable leg flexion monitored with a strain gauge. In the big brown bat, the 30 min conditioning elicits a large centripetal BF shift, but the 15 min conditioning elicits a "subthreshold" BF shift that is not large enough to be reliably detected but can be augmented to a large long-term BF shift by ACh applied to the AI (Ji et al., 2001) . The CS evokes the largest centripetal BF shift when it is ϳ5.0 kHz lower than the BF of a given neuron. Therefore, the centripetal BF shift has a negative value (Gao and Suga, 2000) . In each 1 d experiment, tone bursts alone were delivered at different frequencies and at a rate of four per second over 180 min to record single-unit activity. Only one neuron was studied in a 1 d experiment, and the same animal was used with a 3 d interval to minimize the cumulative effect of the conditioning. This period presumably caused the extinction of BF shifts if there were any remaining after a previous conditioning experiment.
Heart rate recording and analysis. An electrocardiogram was recorded during and after a conditioning session. Tab electrodes (Physician Sale & Services, Jacksonville, FL) were attached to the chest and wing of a bat. Electrocardiograms were amplified by a RP2.1 enhanced real-time processor (Tucker-Davis Technologies) and stored by Brainware version 8.0 software. The heart rate change evoked by the conditioning was plotted as a function of time.
Drug applications. In the big brown bat, auditory responses can be recorded within a 2.4 mm diameter of the cortical area, which is mostly the AI (Dear et al., 1993) . The approximate center of the AI is dorsoventrally crossed by the 30 kHz iso-BF line. The approximate midpoint of this iso-BF line was first electrophysiologically located by recording auditory responses at five to six cortical loci. Then a ϳ1.0 mm hole was made there for single-unit recording and drug applications. The drug applied was 0.2 ml of 4 mM 5-HT, 20 mM 5-HT, 10 mM ␣-methyl-5-HT, or 10 mM ritanserin (Sigma, St. Louis, MO) dissolved in a 0.9% saline solution. Different from other drugs, ritanserin hardly dissolved in the saline solution. Therefore, the ritanserin solution was sonicated immediately before its use (Williams et al., 2002) . Each of these drugs was applied to the surface of the recording site in the AI before or after the conditioning with a 1.0 l Hamilton syringe. [Williams et al. (2002) used ritanserin and MDL100,907 as the antagonists of 5-HT2A receptors and reported that ritanserin had the same effect as MDL100,907 on associate learning. Therefore, we used ritanserin.]
Data acquisition. Action potentials of a single cortical neuron tuned to a specific frequency were amplified (Medusa base station; Tucker-Davis Technologies) and selected with a time-amplitude window discriminator (Brainware version 8.0). During and after the conditioning and/or drug application, the action potentials discharged by the neuron were continuously compared with the template stored and displayed on the monitor screen at the beginning of the study of the neuron. An array of poststimulus-time histograms displays the auditory responses to the 21 tone bursts of the frequency scan repeated 50 times. It was acquired every 15 min up to 240 min after the onset of the conditioning as long as action potentials visually matched the template.
Off-line data processing. The magnitude of auditory responses of a neuron was expressed by the number of spikes per 50 identical stimuli and was plotted as a function of frequency to show the frequencyresponse curve of the neuron. The BF of the neuron was defined as the frequency at which the frequency-response curve peaked. To study the development of a BF shift, the BFs determined from the frequencyresponse curves obtained every 15 min were plotted as a function of time. The time courses of BF shifts obtained from many single neurons were averaged. Therefore, each data point in an averaged time course curve represents the mean and SE (mean Ϯ SE) based on 50 responses multiplied by the number of single neurons used for averaging. To determine whether there were differences in response magnitude between a BF and its adjacent frequencies, or between the BFs obtained before and after the electric stimulation and/or drug application, a two-tailed unpaired t test was used for a significant difference of p Ͻ 0.01 or p Ͻ 0.05.
According to the definition by Gao and Suga (2000) , the BF shift that disappeared (i.e., recovered) within 210 min after the onset of a conditioning session is designated as short term, whereas the BF shift showing no sign of recovery at 210 min is considered long term. The conditioning usually causes an ϳ10% decrease in overall responses right after the conditioning. The recovery of an auditory response was defined as the changed response at the BF recovered to that of the control response within Ϯ10%.
Results
No effect of 5-HT applied to the AI on the conditioned heart rate change Without a drug application, 30 min auditory fear conditioning elicited a tone-specific heart rate decrease in all four bats tested. When 30.0 kHz tone bursts (CS) paired with electric leg stimula-tion (US) were delivered to the bats, their heart rate decreased 28.0 Ϯ 7.5% (n ϭ 4) ( Fig. 1 A, open circles) . The bats showed a heart rate decrease to the 30.0 kHz tone bursts alone ϳ2 min after this conditioning ( Fig. 1 B, open circles) , but not to the non-CS tone bursts, such as 15.0 and 60.0 kHz tone bursts (Fig. 1C, open circles) . Therefore, the heart rate decrease was a conditioned autonomic response specific to the CS. 5-HT (4 mM or 20 mM) applied to the AI before the conditioning had no effect on this conditioned heart rate decrease (30.0 Ϯ 5.8%; n ϭ 4; two-tailed t test; p Ͼ 0.05) ( Fig. 1, filled circles) .
Serotonergic effects on cortical auditory responses
Without conditioning, 97 cortical neurons with BFs ranging between 19.0 and 44.0 kHz (mean Ϯ SE, 28.0 Ϯ 2.5 kHz) were examined for the effects of 5-HT (48 neurons), ␣-methyl-5-HT (20 neurons), ritanserin (19 neurons), or saline (10 neurons) applied to the AI (Table 1) .
Four millimolar 5-HT reduced the auditory responses at the BFs of 11 of 14 neurons studied by 29%. The responses recovered to the control ϳ45 min after the application ( Fig. 2 A, open circles). Twenty millimolar 5-HT reduced the auditory responses at the BFs of 25 of 34 neurons studied by 59%. The recovery time was ϳ90 min ( Fig. 2 A, filled circles). Therefore, the amount and duration of the effect of 5-HT were dose dependent. An agonist of 5-HT 2A receptors, ␣-methyl-5-HT, increased the auditory responses of 15 of the 20 neurons studied by 27%. These responses recovered ϳ60 min later ( Fig. 2 A, open triangles). Conversely, an antagonist of 5-HT 2A receptors, ritanserin, decreased the auditory responses of 16 of the 19 neurons studied by 21%. These responses recovered ϳ60 min later ( Fig. 2 A, filled triangles). All of these changes in the auditory responses were significant (t test; p Ͻ 0.05). The effect of each drug on a single neuron is shown in Figure 2 B-D. Figure 2 B shows the frequency-response curves of a cortical neuron tuned to 25.0 kHz (open circles and histogram 1). The auditory responses of all frequencies were reduced by 20 mM 5-HT (filled circles and histogram 2) and then recovered ϳ90 min after the 5-HT application (dashed curve and histogram 3). The responses at the BF were decreased by ϳ46%. Figure  2C shows that ␣-methyl-5-HT increased the response at the BF of a neuron tuned to 29.0 kHz (open and filled circles; histograms 1 and 2). The response recovered ϳ60 min after the application (dashed curve and histogram 3). In Figure 2 D, ritanserin reduced the response at the BF of a neuron tuned to 23.0 kHz by 24% (open vs filled circles; histogram 1 vs 2). The response recovered ϳ60 min after the drug application (dashed curve and histogram 3).
Without acoustic stimulation, none of the drugs applied to the AI evoked a BF shift as did ACh applied to the AI (Ji et al., 2001) . To evoke the BF shift (Zhang and Suga, 1997) and the shift of delay-tuning curves (Yan and Suga, 1999) , the selective activation of a small group of cortical neurons by a tonal stimulus was necessary.
Effects of different doses of 5-HT on BF shifts
As described in the Materials and Methods, 15 min conditioning elicited subthreshold cortical BF shifts. A saline solution applied to the AI had no effect on these subthreshold BF shifts (n ϭ 12; p Ͼ 0.05) (Table 1) . To examine the effect of a low dose of 5-HT on the subthreshold BF shift, 4 mM 5-HT was applied to the AI before the 15 min conditioning. It was found that subthreshold BF shifts were augmented in 16 of the 20 neurons studied, and the remaining four neurons showed no changes in the BF and response magnitude. Eight of the 16 neurons showed long-term BF shifts (Fig. 3A, open triangles) . Their response at the control BF (BF c ) decreased by 22 to 40% after the conditioning (Fig. 3A , open circles), whereas that at the shifted BF (BF s ) initially decreased by ϳ18% and then increased up to 38% (Fig. 3A , filled circles). Another eight neurons showed short-term BF shifts ( Fig.  3B , open triangles). The changes in the responses at the BF c and BF s were small and short (Fig. 3B , open and filled circles). Figure 3 , C and D, respectively, show the two types of changes in the frequency-response curves of single neurons evoked by 4 mM 5-HT applied to the AI before the 15 min conditioning. In Figure 3C , the auditory response of the neuron tuned to 34.0 kHz (open circles) was initially reduced between 30.0 and 36.0 kHz (filled circles). This reduction was caused by the applied drug. However, ϳ60 min after the onset of the conditioning, the response at 32.0 kHz increased by 48%. Thus, the BF of the neuron shifted from 34.0 to 32.0 kHz (dashed curve) (i.e., toward the 29.0 kHz CS). This BF shift was long term and caused by the conditioning. Of the 16 neurons studied in the same way, eight showed identical changes as those shown in Figure 3C . In Figure 3D , the neuron was tuned to 26.0 kHz (open circles). Its BF first shifted to 24.0 kHz (filled circles) (i.e., toward the 21.0 kHz CS) and then recovered ϳ60 min after the onset of the conditioning (dashed curve). The remaining eight of the 16 neurons showed the same changes as those shown in Figure 3D .
With the expectation that a high dose of 5-HT might augment the subthreshold BF shift more than the 4 mM 5-HT did, 20 mM 5-HT was applied to the AI before the 15 min conditioning. It was then found that the subthreshold BF shifts of all 12 cortical neurons studied were not augmented. That is, no BF shifts were elicited (Table 1; Fig. 4 A, open triangles) . In Figure 4C , 20 mM 5-HT applied to the AI before the 15 min conditioning significantly reduced the overall response of a single neuron tuned to 24.0 kHz, but it did not evoke any BF shift (open vs filled circles).
For the 30 min conditioning, the BF shift slowly developed to a plateau of 1.8 Ϯ 0.1 kHz ϳ75 min after the onset of the conditioning and was sustained for Ͼ3 h (Ji et al., 2001) . Such a BF shift was not affected by a saline solution applied to the AI (n ϭ 10) (Table 1) . Because 20 mM 5-HT did not augment the subthreshold BF shift elicited by the 15 min conditioning, it was applied to the AI before the 30 min conditioning. Twenty millimolar 5-HT completely blocked the development of long-term BF shifts in five of the 22 cortical neurons studied (data not shown in Fig. 4 ) and reduced and shortened the BF shifts in the remaining 17 neurons (Table 1; Fig. 4 B, open triangles) . For these 17 cortical neurons, the BF shifts peaked at Ϫ0.7 Ϯ 0.1 kHz and lasted 90 Ϯ 5.0 min. In Figure 4 D, 20 mM 5-HT applied to the AI before the 30 min conditioning significantly reduced the auditory response of a neuron tuned to 23.0 kHz (open circles) and temporarily shifted its BF toward the 18.0 kHz CS (filled circles and dashed curve).
Effect of 20 mM 5-HT applied after the 30 min conditioning on long-term BF shifts
Because 20 mM 5-HT drastically reduced the development of the long-term BF shift as described above, its effect was further studied on the BF shift that had developed to the midpoint of the plateau or to the plateau after the 30 min conditioning. Without a drug application, the BF shift elicited by the 30 min conditioning develops up to ϳ50% of the plateau value ϳ35 min after the onset of the conditioning and reaches the plateau at ϳ75 min after the onset of the conditioning (Fig. 5A , dashed curve with dots) (Ji and Suga, 2003) .
Twenty millimolar 5-HT applied to the AI at 35 min after the onset of the conditioning evoked a 1.0 Ϯ 0.2 kHz BF shift instead of a 1.8 Ϯ 0.1 kHz BF shift in 15 of the 19 cortical neurons studied ( p Ͻ 0.05). Seven of these 15 neurons maintained this 1.0 kHz BF shift for 45 min at the plateau. Then, their BFs fully recovered ϳ165 min after the onset of the conditioning (Fig. 5A, filled squares) . However, the remaining eight neurons maintained the 1.0 kHz BF shift for Ն135 min (Fig. 5A, open squares) . In Figure 5B , a cortical neuron tuned to 26.0 kHz showed a BF shift from 26.0 to 25.0 kHz [i.e., toward the 21.0 kHz CS, at the end of the 30 min conditioning (open vs filled circles)]. When 20 mM 5-HT was applied to the AI at this time, the auditory response of the neuron drastically decreased at the frequencies between 19.0 and 34.0 kHz, but the BF s stayed at 25.0 kHz (small dots). The response recovered ϳ90 min after the onset of the conditioning (dashed curve). However, 20 mM 5-HT applied at ϳ75 min after the onset of the 30 min conditioning had no effect on the long-term BF shifts of all 10 neurons studied ( p Ͼ 0.01) (Fig. 5A, open diamonds) , although it drastically reduced their auditory responses.
Effect of 10 mM ␣-methyl-5-HT applied before the 15 or 30 min conditioning on BF shifts An agonist of 5-HT 2A receptors, ␣-methyl-5-HT, applied to the AI before the 15 min conditioning augmented the subthreshold BF shift and evoked a shortterm centripetal BF shift in 18 of the 27 cortical neurons studied (Table 1 ). The BF shift was 1.8 Ϯ 0.2 kHz at the peak and lasted 105 Ϯ 3.5 min (n ϭ 18; p Ͻ 0.01) ( Fig. 6 A, open triangles) . There was no effect on the auditory responses and BFs of the remaining nine neurons (data not shown in Fig. 6 ). In Figure 6C , ␣-methyl-5-HT reduced the response at the BF c (23.0 kHz) of a cortical neuron and augmented the response at 22.0 kHz (filled circles). These frequency-dependent changes in the responses caused the BF to shift from 23.0 to 22.0 kHz (i.e., toward the 18.0 kHz CS). They disappeared (i.e., the responses recovered) ϳ90 min after the onset of the conditioning (dashed curve).
␣-methyl-5-HT applied to the AI before the 30 min conditioning augmented the centripetal BF shift in 14 of the 18 cortical neurons studied (Table 1) . The augmented BF shift developed faster than the BF c shift (Fig. 6 B, open triangles vs small dots) ( p Ͻ 0.05), but the amount of the augmented BF shift at the plateau was the same as that of the BF c shift ( p Ͼ 0.05). In Figure  6 D, a cortical neuron tuned to 33.0 kHz (open circles) increased its response at 31.0 kHz by ϳ68%, which led to a 2.0 kHz longterm centripetal BF shift (filled circles). The overall response was reduced slightly ϳ210 min after the onset of the conditioning (dashed curve).
Effect of 10 mM ritanserin applied before the conditioning on BF shifts
An antagonist of 5-HT 2A receptors, ritanserin, applied to the AI before the 15 min conditioning evoked a small short-term "centrifugal" BF shift in 10 of the 12 neurons studied. The BF shift was 1.0 Ϯ 0.2 kHz and the recovery time was 45 Ϯ 8.5 min (Fig. 7A,  filled triangles) . Ritanserin did not change the responses and BFs of the remaining two neurons. Figure 7C Ritanserin applied to the AI before the 30 min conditioning also evoked the centrifugal BF shift in 18 of the 23 neurons studied. This centrifugal BF shift was 1.0 Ϯ 0.1 kHz and disappeared (i.e., recovered) in ϳ75 min after the onset of the conditioning ( Table 1; Fig. 7B, filled triangles) . The centrifugal BF shift at the peak was the same as that evoked by ritanserin paired with the 15 min conditioning but lasted ϳ30 min longer than the latter. In Figure 7D , a cortical neuron tuned to 27.0 kHz (open circles) decreased its responses to tone bursts between 25.0 and 29.0 kHz after a ritanserin application to the AI before the 30 min conditioning. The decrease in response was largest at 27.0 kHz and smallest at 29.0 kHz (filled circles). Accordingly, the BF of the neuron shifted from 27.0 to 29.0 kHz (i.e., away from the 22.0 kHz CS). The recovery time of the BF shift was ϳ75 min.
Discussion
Effect of 5-HT applied to the AI on the conditioned heart rate change Both the AI and auditory thalamus project to the amygdala, which in turn projects to many places in the brain to evoke conditioned autonomic and behavioral responses (LeDoux et al., 1984; Inoue et al., 1993; Stutzmann et al., 1999) . The thalamo-amygdala projection plays an essential role in a conditioned heart rate change, but the cortico-amygdala projection does not, because a lesion of the neocortex does not interfere with the acquisition and maintenance of conditioned autonomic responses (DiCara et al., 1970; Berntson et al., 1983) . Therefore, our data, which showed no effect of 5-HT applied to the AI on the conditioned heart rate change, is compatible with the above finding. Although auditory fear conditioning elicits an increase in the 5-HT level of the AI (Stark and Scheich, 1997) , this increase is apparently not directly related to the conditioned heart rate change, but to the modulation of cortical plasticity as described below.
Neural mechanism of serotonergic modulation of the BF shift elicited by auditory fear conditioning
To evoke the cortical BF shift, the selective activation of a small group of cortical neurons by a tonal or electrical stimulation is necessary. The amount and duration of the BF shift are modulated by the serotonergic and cholinergic systems. Without the tonal or cortical electric stimulation, neither ACh nor 5-HT applied to the AI evokes the BF shift.
The effect of any of the drugs used on the responses to tone bursts was largest immediately after their application to the AI and disappeared within 60 min thereafter. It was frequency-independent. However, the cortical BF shift elicited by the 30 min conditioning gradually increased over 60 min after the onset of conditioning and reached a plateau which lasted more than several hours. It was frequency-dependent because it depended on the decrease in the response at the BF c and the increase in the response at the BF s. Therefore, the BF shift occurred regardless of a frequency-independent decrease or increase in the response evoked by 4 mM 5-HT or ␣-methyl-5-HT. Because the development of the cortical BF shift greatly depends on the increase in cortical ACh that occurs within 60 min after the onset of the conditioning (Ji et al., 2001; Ji and Suga, 2004) , the drugs used in our current research affected the development of the BF shift in the initial 40 min or so and had a long-lasting effect on the BF shift. Therefore, the time course of the drug effect on the response magnitude was quite different from that on the BF shift.
Our current data are not sufficient enough to propose a model for serotonergic modulation of the cortical BF shift. However, we may speculate the mechanism for the serotonergic modulation. The direction of the BF shift depends on the balance between excitation and inhibition occurring in the AI, because muscimol (an agonist of GABA A receptors) changes the centripetal BF shift into a centrifugal BF shift (Ma and Suga, 2004) , and bicucullin (an antagonist of GABA A receptors) changes the centrifugal BF shift into a centripetal BF shift (Xiao and Suga, 2002; Ma and Suga, 2004) . Ritanserin (a 5-HT 2A receptor antagonist) suppressed the cortical auditory response and changed the centripetal BF shift into a centrifugal BF shift. It presumably reduced the activity of 5-HT 2A receptors and led to a relative increase in the cortical inhibition by the GABAergic neurons. ␣-methyl-5-HT (a 5-HT 2A receptor agonist), which augmented the cortical auditory response and centripetal BF shift, presumably increased the excitation of the cortical pyramidal neurons through 5-HT 2A receptors. ␣-methyl-5-HT has a moderate affinity for 5-HT 2C receptors but a high affinity for 5-HT 2A receptors (Garnovskaya et al., 1995) . Therefore, we simply interpreted that the effect of ␣-methyl-5-HT was because of the activation of 5-HT 2A receptors.
There are at least three types of cortical GABAergic neurons: those with 5-HT 3 or 5-HT 2A receptors and those without 5-HT 3 / 5-HT 2A receptors (Jakab and Goldman-Rakic, 2000) . 5-HT applied to the AI decreased the auditory response. This decrease in the response may be because of 5-HT 2A and/or 5-HT 3 receptors located on GABAergic neurons. Layer V pyramidal neurons have abundant 5-HT 2A receptors and may be excited by 5-HT (Aghajanian and Marek, 1997 Marek, , 2000 . Four millimolar 5-HT augmented the BF shift, but 20 mM 5-HT reduced the BF shift. To explain these observations, we have to assume that the affinity of 5-HT 3 receptors on the GABAergic neurons for 5-HT was lower than that of 5-HT 2A receptors (Glennon et al., 2000) and that only higher levels of 5-HT activated GABAergic neurons through 5-HT 3 receptors. Four millimolar 5-HT weakly excited the GABAergic neurons and excited the pyramidal neurons via 5-HT 2A receptors, which in turn activated cortical cholinergic endings so that the subthreshold BF shift changed into a suprathreshold BF shift. However, 20 mM 5-HT strongly excited the GABAergic neurons via 5-HT 3 receptors so that the BF shift was reduced. The serotonergic modulation of the cortical BF shift presumably depends on the balance between the excitation evoked by the pyramidal neurons through the activation of 5-HT 2A receptors and the inhibition evoked by the GABAergic neurons through the activation of 5-HT 3 receptors.
The effects of 5-HT and stress on cortical plasticity
It has been shown that (1) a 30 min electric footshock induces 5-HT release in the brain, but a 15 min electric footshock does not (Dunn, 1988; Inoue et al., 1993 Inoue et al., , 1994 ; (2) a 60 min electric foot-shock induces severe stress (Malyszko et al., 1994) and; (3) the 30 min auditory fear conditioning with tone bursts and an electric footshock evokes a large, long-lasting cortical BF shift (Gao and Suga, 2000) . These findings indicate that the cortical 5-HT level is influenced by the level of stress and suggest that the large, long-lasting BF shift occurs in a mildly stressful situation caused by the 30 min conditioning. Our current studies show that 20 mM 5-HT blocked the long-term BF shift, whereas 4 mM 5-HT changed the subthreshold BF shift into a suprathreshold BF shift. These findings may be interpreted as follows: the 30 min conditioning mildly stressed the animal and evoked a small increase in the cortical 5-HT levels, which increased the development of the long-term BF shift augmented by ACh. However, 20 mM 5-HT applied to the AI before the 30 min conditioning caused a large increase in the 5-HT level, as did strong stressors, and suppressed the development of the BF shift. However, the 15 min conditioning weakly stressed the animal and evoked the subthreshold BF shift. Four millimolar 5-HT applied to the AI before the conditioning caused a small increase in the cortical 5-HT level and changed the subthreshold BF shift into the suprathreshold BF shift. We hypothesize that a functional role of cortical 5-HT is to suppress the plasticity of the AI (i.e., auditory learning) in strongly stressful situations but to facilitate it in weakly stressful situations. It has been reported that cortical plasticity is influenced by not only stress but also attention, arousal, and motivation (Polley et al., 2006) .
Interaction between ACh and 5-HT for modulation of cortical BF shifts
Each cortical neuron has several thousand synapses on the dendrites for information processing (Kandel, 2000) . The BF of a neuron is probably determined by the most dominant excitatory input (synapse) in an array of frequency-labeled inputs. The BF shift occurs presumably because of a shift of the dominant input along the array of the inputs according to a change in synaptic connectivity and/or the formation of new synapses (Engert and Bonhoeffer, 1999; Maletic-Savatic et al., 1999) . Serotonergic and cholinergic synapses are mostly located on the spines and dendritic shafts of pyramidal neurons and modulate activitydependent synaptic changes (Rasmusson, 2000; Gu, 2002) . Thus, these two neuromodulators presumably interact with each other during the development of the BF shift.
The CS (tone bursts) excites a specific cortical input. Then, the cortical neural net and corticofugal feedback produce the cortical BF shift, which is, in turn, augmented by ACh released from the neurons in the nucleus basalis (Gao and Suga, 2000; Suga and Ma, 2003) . Muscarinic ACh receptors play an important role in this augmentation because atropine applied to the AI immediately before the 30 min conditioning abolishes the development of the long-term cortical BF shift (Ji et al., 2001) . Atropine applied to the AI ϳ35 min after the onset of the conditioning reduces the long-term cortical BF shift and changes it to short term; atropine applied to the AI ϳ55 min after the onset of the conditioning reduces the amount of the cortical BF shift without changing it into short term; and atropine applied to the AI ϳ70 min after the onset of the conditioning transiently reduces the cortical BF shift elicited by the conditioning (Ji and Suga, 2003) . In comparison, 20 mM 5-HT applied to the AI ϳ35 min after the 30 min conditioning reduced the long-term BF shift and, in addition, made it short term in 33% of the neurons studied; and 5-HT applied to the AI ϳ75 min after the conditioning had no effect on it at all. These findings indicate that the cholinergic and serotonergic neuromodulator systems can alter the cortical BF shift, interacting with each other only during the development of the BF shift.
Serotonergic neurons in the raphe nuclei project both to the cortical sensory neurons (Barnes and Sharp, 1999) and the cholinergic neurons in the nucleus basalis (Gasbarri et al., 1999) . A lesion of the cholinergic basal nucleus decreases the cortical ACh level and 5-HT 2A receptor binding in layer IV of the cortex (Quirion et al., 1985) . Furthermore, 5-HT 2A and/or 5-HT 3 receptors are located on cholinergic terminals in the cortex so that serotonergic neurons as well as cholinergic neurons can regulate the cortical function (Maura et al., 1992; Crespi et al., 1997; Giovannini et al., 1998; Dringenberg and Zalan, 1999) . Our current data indicate that the cholinergic augmentation of the BF shift is modulated by serotonergic neurons, which can augment or reduce the BF shift or even reverse the direction of the BF shift, and that both the serotonergic and cholinergic systems play an important role in cortical plasticity according to behavioral demands.
